One of the many ecological processes expected to undergo alteration due to global change is the decomposition of organic matter, with little known concerning the effects that changing disturbance regimes may have. Fire, a critical process in many habitats, is expected to become more common. We measured the decomposition rates of four grass species that differed in litter quality, investigating them under different fire regimes across a savanna rainfall gradient in South Africa. We also collected data on the abundance and activity of fungus-growing termites and recorded measurements of temperature and canopy cover. Overall, decomposition rate followed global models, increasing under warmer and wetter conditions. Litter quality was also significant with higher quality grasses decomposing faster; however, this effect was less pronounced than expected. Fire regimes did not have a consistent effect on decomposition rate along the rainfall gradient. In the most arid savanna type examined, fire had no effect, whereas in the intermediate rainfall savanna burning increased decomposition rate under higher levels of fungus-growing termite activity. In the wetter savannas, fire slowed decomposition, possibly through modification of vegetation structure and potential effects on other invertebrates. Our results demonstrate that grass decomposition in African savannas varies significantly along precipitation gradients, with different factors becoming influential in different habitats. Importantly, we demonstrate that fire does not always act to slow decomposition and that it interacts with other factors to influence the process. These findings have important implications for decomposition in the light of global change models that predict wetter climates and a higher frequency of fires for southern African savannas.
INTRODUCTION
Understanding how ecosystem functioning will be affected by global change has attracted much interest and concern. One function likely to change considerably is the decomposition of organic matter, a critical ecological process essential for nutrient cycling (Swift and others 1979; Sayer 2006) , in particular for returning carbon fixed by plants during photosynthesis to the atmosphere (Schimel and others 1996; Hä ttenschwiler and others 2005) . Much literature exists examining how litter decomposition varies with, and is driven by, climate (Couteaû x and others 1995; Taylor and others 2004) , however, far less well understood is how changes in the frequency of disturbance phenomena, such as fire, will affect the process (Brennan and others 2009) .
Fire is a widespread disturbance in many ecosystems across the globe (Chapin and others 2002) , where it acts to alter vegetation structure and composition (Bond and Keeley 2005) , nutrient cycling (Van de Vijver and others 1999), and aboveground net primary productivity (Buis and others 2009 ). Effects of fire on ecosystem functioning therefore cannot be ignored and changing fire regimes may be even more influential than the direct effects of a changing climate (Flannigan and others 2000; Brennan and others 2009) . However, the influence of fire on many ecological dynamics and processes, ranging from biodiversity (Parr and Chown 2003; Davies and others 2010) to ecosystem functioning (Bond and others 2005) is thus far poorly understood.
It is generally accepted that in many fire-prone biomes across the globe, the frequency of fires will increase under global climate change. This is due to, among other things, an increase in fuel load and aridity caused by increasing CO 2 and temperature levels, decreasing rainfall and relative humidity (Hughes 2003) , and an increase in lighting strikes in some areas (Goldammer and Price 1998; Cary 2002) . Furthermore, more frequent fires are expected as a result of increasing human populations in many parts of the world (Williams and others 2009) . This suggests that a clearer understanding of how fire affects important ecosystem functions, such as decomposition, is necessary if we are successfully to anticipate and mitigate effects of future global change (Krawchuk and others 2009) .
The main direct agents of decomposition are decomposer organisms: predominantly fungi, bacteria, and soil/litter invertebrates, although some breakdown of dead plant material is caused by photodegradation. At global scales, the rate of decomposition by these decomposer agents is principally mediated by climate (rainfall and temperature), and secondarily litter quality (chemical composition) (Lavelle and others 1993; Couteaû x and others 1995; Aerts 1997) . Decomposition is thought to be predominantly a microbial process, with important contributions made by invertebrates when conditions are suitable, with climate creating the conditions (temperature and moisture levels) under which decomposition occurs. Under extremes of temperature and moisture, decomposition takes place slowly because microbial communities are sensitive to such extremes (becoming inactive under unfavorable conditions) (Couteaû x and others 1995). Litter quality defines how important the substrate material is to the microbial community (Murphy and others 1998) and hence influences the rate of decomposition. Soil/litter animals, when they are relatively abundant, in turn enhance decomposition through direct consumption of dead plant material, litter comminution and soil mixing, increasing surface area for microbes and bringing them into contact with litter (Couteaû x and others 1995). However, faunal communities are even more constrained than microbial communities by climatic factors and litter quality, and are therefore often only considered important in ecosystems that are unconstrained by temperature and moisture availability (Lavelle and others 1993; Wall and others 2008) . Furthermore, because most decomposition models assume that all decomposition is microbial, they focus solely on climate and litter quality (Meentemeyer 1978; Rastetter and others 1991; Gholz and others 2000) , with little regard to other factors such as soil animals and disturbance phenomena.
At local and regional scales other factors have been shown to have a significant influence on decomposition (Wall and others 2008; Powers and others 2009 ). These factors include soil animals (Whitford and others 1982; Schuurman 2005) , photodegradation in arid regions (Austin and Vivanco 2006; Brandt and others 2010; Austin 2011) , litter type interactions (Hä ttenschwiler and Gasser 2005) , and the ''home-field advantage'' hypothesis, whereby litter decomposes faster under cover of the same species it is derived from (for example, Ayres and others 2009). At such regional scales, disturbances such as fire may also play an important role through interactions with other mediating factors. Several studies have shown that frequent burning slows decomposition rates through a variety of mechanisms. In Eucalyptus forest, Brennan and others (2009) attributed slower rates of decomposition to negative effects of frequent fire on invertebrate decomposer abundance, whereas in seasonal Amazonian forest repeated burning was thought to have slowed decomposition rates through altered microclimatic conditions (particularly by increasing temperature and decreasing relative humidity, resulting in a drier environment) (Silveira and others 2009 ). Other potential mechanisms include interactions with herbivory (Kay and others 2008) , and long-term alterations of litter quality by fire (Herná ndez and Hobbie 2008).
The majority of decomposition studies (both global and regional) have taken place in forested areas, with fewer in grassy biomes, despite these biomes being globally dominant habitats (Bond and Parr 2010) . The few decomposition studies from grassy systems have shown that drivers vary regionally, with, for example, photodegradation playing larger roles in arid than mesic regions (Brandt and others 2010) . Tian and others (2007) measured decomposition as a function of climate and litter quality along a rainfall gradient from rainforest to the Sahel in west Africa (including grassy systems) and found the two factors to interact in their influence: high quality grasses decomposed more rapidly in wetter environments, whereas low quality grasses decomposed faster in dry areas. They attributed this effect to higher termite abundance and increased photodegradation in arid regions.
Decomposition work in savannas (which extend over more than half the African continent and range from mesic, humid habitats to semi-arid ones (Scholes and Archer 1997) ) has also demonstrated the important role played by soil fauna, in particular termites (Ohiagu and Wood 1979; Collins 1981; Schuurman 2005; Freymann and others 2010; Buitenwerf and others 2011) . However, the lack of published studies across environmental gradients, particularly in relation to potential effects of disturbance phenomena such as fire on decomposition, means decomposition processes in African savannas remain poorly understood. In the current study, grass decomposition rates were investigated along environmental gradients in southern African savannas. We examined differences in decomposition rates at four sites along an extended rainfall gradient during two seasons to (1) investigate the influence of climate; (2) litter quality and (3) long-term fire regimes, on decomposition, including how fire interacts with climate and litter quality. To explore potential mechanisms underlying the effects of fire, we collected data on the abundance and activity of a major decomposer animal group (fungus-growing termites) as well as other explanatory variables that have previously been shown to be important (temperature and canopy cover). Although we were unable to tease apart the direct mechanisms of the patterns observed based on our data, we do suggest testable hypotheses for the main factors influencing decomposition across the rainfall gradient.
In line with global models, we expected to find faster rates of decomposition in wetter savannas and during the wet season due to increased temperatures and moisture availability favoring microbial communities and soil animals. We also expected high quality grasses to decompose faster, irrespective of climate, as soil animals and microbes would be better able to break them down. The effect of frequent burning was expected to decrease decomposition rates through interactions with other mediating factors such as decomposer organisms and microclimatic conditions, as found in previous studies (see for example, Brennan and others 2009; Silveira and others 2009); but this effect was expected to interact with mean annual precipitation, being more influential in wetter areas where fire effects are more noticeable (see for example, Parr and others 2004; Davies and others 2012) .
METHODS

Study Site
The experiment was undertaken in four distinct savanna types across two of South Africa's major reserves: Kruger National Park (KNP, 22°25¢-25°32¢S; 30°50¢-32°02¢E) and Hluhluwe-iMfolozi Park (HiP, 28°01¢-28°25¢S; 32°15¢-32°26¢E). These sites are spread over a distance of $700 km and are situated along a rainfall gradient from 450 mm y -1 in the north to 900 mm y -1 in the south. The two parks are located in the eastern part of South Africa and have a sub-tropical climate with a distinct summer rainfall pattern.
The four savanna types, in ascending order of mean annual rainfall, were Colophospermum mopane savanna (Mopani, northern KNP, 450 mm mean annual precipitation (MAP)), Acacia savanna (Satara, central KNP, 550 mm MAP), Terminalia savanna (Pretoriuskop, southern KNP, 750 mm MAP), and mesic Acacia savanna (Hluhluwe, northern HiP, 900 mm MAP). Sampling in KNP was carried out on a series of long-term experimental burning plots; enabling us to test for effects of long-term burning regimes on decomposition rates. Because no such formal burning experiment exists in HiP, fire map records were used to identify sites in the landscape with fire histories that, as best as possible, match those of the burn plots utilized in KNP (that is, areas burned with low and high fire frequency). Six replicated sampling plots (except for Hluhluwe where four plots were used) were selected from within each of the four savanna habitats. Of these six plots, three in each savanna type have been burned on a triennial basis during the late dry season (August) since 1954 and the other three have remained essentially unburned for the same time period. Each plot is about 7 ha in size and protected from outside fires by a double fire break. The plots are located within a string of other plots subjected to different fire regimes, thus in our study, each burnt plot is paired with an unburned one, with such pairs spaced 10-20 km apart (for more information on this fire experiment see Biggs and others 2003) . The plots at Satara and Pretoriuskop are on the same burning cycle, whereas Mopani is a year ahead, meaning that plots at Mopani were burned a year earlier. At Hluhluwe, reliable estimates of time-since-fire are difficult to obtain. However, previous work (Parr and others 2004; Radford and Andersen 2012) has shown that timesince-fire is only relevant for the first few months, after this vegetation regrows and differences disappear. Thus, time-since-fire was not considered as important for this study as the burning regime.
Grass Species, Litter Collection, and Treatment
Four grass species of differing quality were used in the study (Table 1 ). Grass quality was measured according to crude protein content and general palatability. Crude protein is known to be necessary for many ungulates to maintain normal physiological functions (Bowers 2006) , and although its importance for invertebrates and microbes involved in decomposition is less clear, it does provide a general estimate of litter quality (Radford and Andersen 2012) . The four selected grass species can be ranked on a gradient of litter quality by their crude protein content and palatability: (1) Urochloa mosambicensis (highest quality), (2) Cenchrus ciliaris, (3) Themeda triandra, and (4) Cymbopogon excavatus (lowest quality) ( Table 1) .
Plant material was harvested from KNP during May 2008 for the dry season experiment and January 2010 for the wet season experiment. As far as possible each species was harvested from the same location to minimize variation in chemical composition between samples. After harvesting, grass material was cut into segments of approximately 5 cm, mixing stems, inflorescences, green and dried leaves, and placed in brown paper bags. The material was then taken to the laboratory and dried at 60°C for 48 h. After drying, 8-10 g of grass material was placed in individually numbered litter bags, measuring 200 9 200 mm, constructed from aluminium mesh with a mesh size of approximately 2 9 2 mm. This material allowed enlargement of the holes relatively easily to aid access by soil animals such as the larger termite genera. Each bag was then placed in the field, using a nail at opposite corners to secure it to the ground. During each placement, the ground surface was cleared of grass or leaf litter to ensure the bag was in direct contact with the soil. For the dry season experiment, bags were placed during the austral winter in June 2008 and for the wet season experiment, placement was during the austral summer in January 2010.
Experimental Design
Litter bags were placed in sets of four during the dry season when decomposition was expected to be slower, and three during the wet season. At monthly intervals, one bag from each set was removed with minimal disturbance to the surrounding bags, hence the experiment lasted 4 months during the dry season and 3 months during the wet season when decomposition was expected to be faster. Each set consisted of bags containing the same species placed adjacent to each other. These sets (of either four or three bags The species represent a gradient of litter quality from low (C. excavatus) to very high (U. mosambicensis). depending on the season) were placed on the experimental burning plots in a grid formation of six by four sets (24 sets per plot). Each set was spaced 10 m apart. Species sets of bags were alternated so that at no point were two sets of the same species adjacent to each other in the grid. There were therefore 96 bags on each plot during the dry season (n = 2,112) and 72 bags per plot in the wet season (n = 1,584), with six bags from each grass species collected each month (24 bags collected per month). After collection, the litter bags were placed in paper bags and taken to the laboratory where they were oven dried for 48 h at 60°C. Many bags were sufficiently dry during the dry season and hence drying in an oven was not necessary, however, all wet season samples and dry season samples where moisture was present, were dried. After drying, all material was removed from the bags and the grass was manually separated from any foreign plant material, soil or gallery material taken into the bags by termites. Following this, the grass was weighed and the amount remaining measured.
Additional Biotic and Environmental Measurements
In addition to measuring decomposition rate with litter bags, we collected data on fungus-growing termite (a major invertebrate decomposer in African savannas) abundance and activity using cellulose baits. During the wet season, when termites are more active (Dawes-Gromadzki and Spain 2003; Davies 2010), 40 toilet rolls (baits) were placed on each experimental plot in an eight by five grid formation. Half (20) of these baits were buried 2 cm below the ground and the other half placed on the surface, secured with an aluminium tent peg and wrapped with tape to prevent unraveling (La Fage and others 1973) . At pre-determined time intervals of 5, 14, 28, and 56 days after placement, baits (five-buried and five-surface at each sampling interval) were removed and inspected for termites. Abundance of termites per plot was defined as the number of termite encounters, with a single encounter defined as one attacked bait (due to difficulties in counting all the termites at a particular bait). The intensity of termite foraging activity was assessed by assigning each bait a score based on the intensity of termite attack, following DawesGromadzki (2003) : 0 = no evidence of attack, 1 = 1-24% of bait consumed, 2 = 25-49% consumed, 3 = 50-74% consumed, 4 = 75-99% consumed, and 5 = bait completely consumed. Hourly temperature readings were also recorded in each savanna site for burned and unburned sites using Thermochron iButtons Ò (Maxim/Dallas Semiconductor Corporation, Dallas, Texas, USA) placed about 2 cm below the soil surface. Finally, canopy cover on each experimental burn plot was estimated during the wet season by placing twenty 1 9 1 m quadrats in a grid of five by four quadrats in the center of each plot and visually estimating canopy cover above each quadrat. 
Asterisks (*) signify statistical significance *P < 0.05, **P < 0.01, ***P < 0.001 Figure 1 . Mass loss of four grass species measured as a percentage of litter remaining across four savanna types and two seasons (left wet, right dry season). Savanna types are arranged along a gradient of increasing mean annual precipitation. Standard error bars are smaller than data points. Data points are joined by lines for reader convenience only and do not reflect a time sequence, each point rather indicating an independent sampling event.
Data Analysis
The amount of grass remaining in each bag after collection was used to calculate the decomposition constant k assuming the exponential decomposition model (Olson 1963) , that is
where W 0 is the amount of grass at the start of the experiment and W t is the amount of grass at time t.
In this case, we calculated the constant k with the unit month -1 and it was calculated for each litter bag for each month. This variable was then used for the statistical analysis.
To avoid spatial autocorrelation, litter bags from each species from each plot were pooled to produce a mean organic mass remaining at collection for each experimental plot per grass species. The decomposition rates in relation to potential explanatory variables (mean annual precipitation (hereafter referred to as precipitation), season, litter quality, and fire regime) and the interactions between them were then analyzed using a generalized linear model (GLM), corrected for overdispersion, with a Poisson error distribution and log-link function. Model fit was assessed for goodness of fit, homogeneity of variance and normality of residuals using model-checking plots (observed vs. fitted values, residuals vs. fitted values, QQ plots, scalelocation plots, and residual-leverage plots).
Differences in termite abundance and intensity of termite attack across the two fire regimes in each savanna site were assessed with Wilcoxon signedrank tests. To compare differences in recorded hourly temperature, Student's t tests were applied. Differences in canopy cover across fire regimes were compared with Wilcoxon signed-rank tests. All statistical analyses were performed in the software package R, version 2.11.1 (R development core team 2010).
RESULTS
Variation Along Climatic and Litter Quality Gradients
The GLM revealed that precipitation, season and litter quality had a significant effect on the A B Figure 2 . Mean (±SE) decomposition constants (k) for four grass species (x-axis) across four savanna types in South Africa during A the wet and B the dry season. Savanna types are arranged along a gradient of increasing mean annual precipitation. decomposition constant (k) recorded, and hence on the rate of grass decomposition (Table 2) . Overall, our recorded rates were very slow, with decomposition being the slowest at the driest site (Mopani) and the most rapid at the wettest site (Hluhluwe); this was the case for all grass species (Figures 1, 2) . Decomposition rates were intermediate at Satara (semi-arid to intermediate precipitation) and Pretoriuskop (intermediate to higher precipitation), although the decomposition rate of the highest quality grass (U. mosambicensis) was similar at Satara and Hluhluwe (Figures 1, 2) . Compared with the dry season, decomposition proceeded significantly more rapidly during the wet season, and differences between savanna site and grass species were easier to detect during this season (Table 2 ; Figures 1, 2) . In all savanna types and both seasons, U. mosambicensis decomposed the fastest and there was a trend of increased decomposition with increasing precipitation (Figures 1,  2 ). C. excavatus was the second most removed species, although removal was markedly less than U. mosambicensis.
The interaction between precipitation and season was close to significant (P = 0.08), indicating that season had a stronger effect on decomposition under some precipitation regimes (that is, savanna types) than others (Table 2 ). This stronger effect was evident at the intermediate to high rainfall savannas whereas at the driest savanna (Mopani) seasonal effects were not present (Figures 1, 2) . Similarly, the interaction between precipitation and litter quality was significant (Table 2) , meaning that the rate at which certain grass species decomposed relative to the others depended on the precipitation regime. This is clear when U. mosambicensis is considered: it decomposed at a similar rate to the other grass species at Mopani (the driest site) but at much faster rates at all other savanna sites (Figures 1, 2) . The interaction between litter quality and season was also significant (Table 1) , which is most likely because the litter that does not decay rapidly in the wet season (T. triandra and C. ciliaris) does not decompose any slower in the dry season. However, the litter that decomposed faster in the wet season (especially U. mosambicensis) decomposed much more slowly in the dry season, hence the significant interaction term (Figures 1, 2) . Therefore, different seasonal effects for different grass litter types are present, but are driven by the low quality grasses displaying no clear seasonal patterns, rather than high quality litter which do.
Effects of Fire Regime on Decomposition
Although the GLM showed that overall fire regime did not have a significant effect on decomposition rates (all grass species and precipitation regimes combined), there were significant interactions between fire and precipitation, that is, savanna site, and fire and litter quality (Table 2) . Thus, fire regime (triennially burned vs. long unburned) affects decomposition rates at some savanna sites, but not others, and also affects decomposition rates of some grass species but not others. Decomposition rates were higher on unburned plots in the wet savannas for some grass species at Pretoriuskop and all species at Hluhluwe, whereas the opposite was Figure 3 . Mean (±SE) decomposition constants (k) of four grass species across four savanna types in South Africa on sites which were either burned triennially (burnt) or remained unburned (unburnt) for about 57 years. Data are for both the wet and dry seasons combined. Savanna types are arranged along a gradient of increasing mean annual precipitation. recorded in the intermediate-arid savanna, Satara: here, there were significantly faster rates of decomposition on burned sites (Figure 3) for U. mosambicensis (and to a lesser extent C. excavatus). At the most arid site (Mopani), no differences were recorded.
Additional Biotic and Environmental Measurements
Termite abundance did not differ significantly across burning regimes in any of the savanna types ( Figure 4A ). However, intensity of termite attack was significantly higher (W = 9.75, P < 0.05) on burned sites at Satara (intermediate-arid savanna), but did not differ significantly in any other savanna type ( Figure 4B ). Hourly temperature differed significantly between fire regimes at all sites except Pretoriuskop (Mopani: t = -5.63, P < 0.001; Satara: t = -8.12, P < 0.001; Pretoriuskop: t = -0.39, P = 0.70; Hluhluwe: t = 6.15, P < 0.001). At the dry sites (Mopani and Satara), temperatures were higher on burned sites, whereas at the wettest site (Hluhluwe) higher temperatures were recorded on unburned sites ( Figure 4C ). Canopy cover differed significantly only at Pretoriuskop (a wet savanna) with greater cover on unburned sites (W = 1318, P < 0.001, Figure 4D ).
DISCUSSION
A striking finding from our study is the mostly very slow rates of absolute decomposition recorded for grass litter. Although such slow rates could be attributable to the relatively short temporal scale of our study (following the exponential decay model (Olson 1963) ), they do reflect patterns for low quality (that is, highly refractory) grass decomposition. Such slow turnover rates will result in organic matter persisting in the system for a long time: this underscores the importance of single fire events for removal of dead grass and litter in savannas, particularly in the dry season when decomposition is particularly slow.
Decomposition Along the Rainfall and Litter Quality Gradients
Our results generally support global decomposition models that suggest climate and litter quality have a dominant effect on the agents of decomposition A B C D Figure 4 . Mean (±SE) A termite abundance recorded with cellulose baits, B intensity of termite attack at cellulose baits, C temperature recorded hourly, and D canopy cover at burned and unburned sites in four savanna types. Sites are arranged along a gradient of increasing mean annual precipitation. An asterisk denotes a significant difference between fire regimes at each site.
and therefore decomposition rates (Meentemeyer 1978; Lavelle and others 1993; Couteaû x and others 1995; Gholz and others 2000) . Faster rates of decomposition were recorded at the wet sites (Pretoriuskop and Hluhluwe), which is in line with predictions. Similarly, decomposition during the wet season was generally faster at all savanna sites and for all grass species. These results point to an overarching influence of climate over the agents of savanna decomposition, with higher levels of mean annual precipitation, and hence moisture, as well as higher temperatures during the summer wet season, leading to increased decomposition rates. In addition, faunal decomposers, such as earthworms and termites, are sensitive to moisture and temperature levels (Smith and Rust 1994; Curry 1998) , becoming less active in cold and dry environments. They are consequently more active during the wet season (Garnsey 1994; Dawes-Gromadzki and Spain 2003; Davies 2010) . Warmer and wetter areas (as well as the wet season) are therefore more conducive to high decomposer diversity and activity, potentially contributing to faster rates of decomposition in such areas and seasons. An exception, however, to this climate driven model of decomposition is our recorded rates at Satara, a semi-arid savanna receiving intermediate rainfall.
Here decomposition proceeded at similar rates comparable, or even faster in some cases, to Pretoriuskop, a savanna receiving markedly more rainfall. Although not explicitly tested for, a plausible explanation is that this unexpectedly higher rate of decomposition may be due to higher abundance of fungus-growing termites at Satara ( Figure 4A , Davies and others 2012). Fungusgrowing termites have been shown to be important decomposers in savannas (Collins 1981; Holt and Coventry 1990) , contributing up to 60% of wood litter removal (Collins 1981) . Indeed, Schuurman (2005) found that in a semi-arid Botswana savanna with similar annual rainfall to Satara, variation in fungus-growing termite abundance was the only factor affecting decomposition rates, and hence the potentially important role they play as decomposers in these savannas cannot be ignored. Although no direct data on termite decomposition are available for this study, given that other studies have highlighted the importance of termites in African savannas, we hypothesize that the higher than expected decomposition rates at Satara are suggestive of a termite mediated role. Future research testing more explicitly the role of termites in savanna decomposition is, however, necessary.
Overall differences in decomposition rates between grass species (litter quality) partially followed our predictions. The highest quality grass, U. mosambicensis, (that is, with the highest crude protein content) decomposed fastest in all savanna types. However, the decomposition rate of C. excavatus, the species considered to have the lowest litter quality for our study, was the second fastest and hence went against our predictions. C. excavatus contains high levels of terpenes and is subsequently usually considered unpalatable (Ellis 1990 ). The faster than expected decomposition of this species indicates that secondary metabolites (terpenes in this case) may be of less importance in savanna decomposition than anticipated. Bengtsson and others (2011) also found secondary metabolites to have minimal effect on decomposition in the Fynbos biome of South Africa, attributing this to rapid leaching of such substances out of the litter (Schö nholzer and others 1998). Furthermore, some groups of soil animals (for example, termites and earthworms) can partly digest secondary metabolites (Hä ttenschwiler and Vitousek 2000), and thus their activity may not be inhibited by such compounds, precluding effects of polyphenols on the rate of decomposition. Crude protein content is also perhaps less important for invertebrate herbivores than vertebrate ones, and thus not a critical determinant for decomposition rates. Indeed, Radford and Andersen (2012) found that invertebrate population trends following fire events in Australian savanna did not correspond to changes in grass quality (including protein content), recovering much faster than grass nutrition levels. Thus, although litter quality does influence decomposition rates (U. mosambicensis decomposed the fastest) this is only discernible when litter quality is exceptionally high; at lower quality levels the effects are negligible.
The significant interaction terms in our model indicate that different factors are important in different areas and seasons. At the driest site (Mopani), neither seasonality nor litter quality affected decomposition, however, with increasing mean annual precipitation; season becomes an increasingly important factor for high quality litter. In arid regions such as Mopani, rainfall is sporadic and insufficient to sustain large populations of decomposer invertebrates or fungi, resulting in neither seasonality nor quality being important here. Tian and others (2007) recorded a similar pattern in west Africa, where high quality litter decomposed faster in wetter regions only and similar results (no effect of season or litter quality) were also recorded in arid New Mexico during a long-term decomposition study (Vanderbilt and others 2008) . In such areas, factors other than water availability and litter Savanna Decomposition and Fire quality need to be considered in relation to litter decomposition (Austin 2011) . Photodegradation is likely to be relatively more important here; indeed, Mlambo and Mwenje (2010) found that photodegradation was an important agent of tree litter decay in mopane woodland, and other studies have demonstrated that it is the most important mechanism in arid regions (Austin and Vivanco 2006; Henry and others 2008; Gallo and others 2008; Brandt and others 2010) .
Seasonality is important for high quality litter, but not for low quality litter, this being particularly evident with U. mosambicensis. We suggest that this may be due to decomposer invertebrates favoring high quality litter (U. mosambicensis); because they would be more active during the wet season, rapid mass loss of high quality grass would occur then. However, when such organisms become inactive during the dry season, high quality litter is not removed by them and thus does not decompose any faster than low quality litter.
The Effect of Fire Regime
Overall, fire regime had no significant effect on decomposition rate, which is partly expected given the high levels of resistance to burning shown by other savanna attributes (see Parr and Andersen 2006) . However, our results indicate that the effect of fire regimes on the decomposition process is much more complex than shown in previous studies; and this is because the magnitude and direction of the effects varied with mean annual precipitation and litter quality. In the most arid region, Mopani, burning had no effect, demonstrating the exceptionally high resistance to disturbance of both biodiversity and ecosystem processes in these arid regions. Indeed, apart from temperature, none of the other recorded variables showed differences between fire regimes. At these same sites, Davies and others (2012) and Parr and others (2004) found similarly high resistance to fire for termites and ants, respectively, with little difference in diversity and composition across fire regimes. Our results suggest, therefore, that in such systems, ecosystem function responses to fire closely match faunal responses.
In the less arid savanna habitats, fire regime had significant effects on decomposition rates. At Satara (semi-arid to intermediate rainfall), faster levels of decomposition were recorded on burned than unburned sites. Although no direct data related to termite decomposition are available, termite activity was higher on burned sites ( Figure 4B) , and given the important role they play as decomposers, we hypothesize that higher rates of decomposition on frequently burned plots may be a result of increased termite activity. Frequent fire in these savannas leads to an increase in fungus-growing termite activity with a concomitant increase in decomposition rate (the combined effect of fungusgrowing termites outcompeting fungi, and greater nutrient cycling due to increased grazing activity, enhances termite activity, see Davies and others 2012) . The highest quality grass litter (U. mosambicensis) showed the greatest differences in decomposition rate across the burning regimes, hence driving the pattern and the interaction between litter quality and fire regime. Thus, some litter types are affected by fire, but not others; possibly due to termites favoring high quality litter and being more abundant on frequently burned plots.
In contrast, at the wetter savanna sites (Pretoriuskop and Hluhluwe), decomposition generally took place more rapidly on unburned sites with frequent fire slowing decomposition; there was also no noticeable interaction between fire regime and litter quality. The higher decomposition rate on unburned sites is likely because in systems with no, or low fungus-grower termite abundance, other factors are more important for determining decomposition rates. Silveira and others (2009) found that fire slowed decomposition in a seasonal Amazonian forest, a system with no fungus-growing termites present, and attributed this to an altered, drier microclimate: temperature increased and humidity decreased as a result of opening up of the canopy by frequent fire, producing an unfavorable environment for soil animals and microbial communities, particularly as they may normally be adapted to a more buffered microclimate. The joint effect of fewer fungus-growing termites and the lower canopy cover (which alters microclimate) on burned plots at Pretoriuskop are thus likely to contribute to slower decomposition. Other studies (for example, Brennan and others 2009) found that slowed decomposition under high frequency fire regimes was a result of the detrimental effects of fire on decomposer organisms. Although fire had little effect on fungus-growing termites (major savanna decomposers) at these wetter sites (Figure 4A , B; Davies and others 2012), burning may have reduced the diversity of other non-termite litter-consumers, including fungi, that are more abundant in wetter, more humid environments (Aanen and Eggleton 2005) . Indeed, Brennan and others (2009) attribute changes to decomposition rate by fire to such non-termite invertebrate groups. At our wetter sites, fungus-growing termite diversity was lower than at the intermediate rainfall sites ( Figure 4A ; Davies and others 2012).
Consequently, we suggest that when mesic savanna sites are frequently burned, decomposition rates decrease because other invertebrate groups (including non-fungus-growing termites) and fungi are negatively affected, and fungus-growing termites are not sufficiently abundant to come into prominence and increase decomposition rates (see Figure 5 for a conceptual model hypothesizing how burning interacts with mean annual precipitation to affect decomposition).
CONCLUSIONS AND FUTURE DIRECTIONS
We conclude that, in line with global models, the rate of grass decomposition in African savannas is primarily governed by the effects of climate and litter quality on decomposer activity. Although much of this decomposition is likely to be microbial, we hypothesize that the role of larger decomposer organisms (particularly fungus-growing termites) may become important at local scales in areas of intermediate rainfall (for example, Satara) where moisture levels are low enough to limit external microbial decomposition, but not too low to constrain termite activity. This then facilitates the dominance of fungus-growing termites where they can out-compete free-living fungi (Aanen and Eggleton 2005) . Disturbance regimes (fire) also play an important role locally in mediating decomposition under certain climatic and litter quality conditions; this is likely to be through effects on termite activity, vegetation structural, and hence microclimatic, alterations, and possible effects on the diversity of other invertebrates, with the direction of these effects dependent on the amount of mean annual precipitation received (see Figure 5 ).
Southern African savannas are predicted to become wetter with future climate change (Senior and others 2002) . Consequently, following our results, overall faster rates of decomposition can be expected, potentially resulting in a reduced ability to store carbon and consequently an increased rate of carbon return to the atmosphere. Furthermore, under global change models and increased human population pressure, fires are likely to become more frequent (Williams and others 2009 ). Because fire regime has an effect on decomposition in all but the most arid savanna habitats, shifts in decomposition rates can be expected. Frequent fire was found to slow decomposition in wetter savannas, meaning that across many savanna areas increased fire occurrence could result in slower decomposition. Conversely, in arid or semi-arid savannas where fire increases decomposition rates the opposite could occur, leading to increased carbon turnover rates. Changing climate and fire regimes may thus act in opposite directions to affect decomposition, but currently we do not have enough data to predict accurately which, if either, will be most influential. Further studies are required to test more explicitly the ideas presented here, particularly to unravel the roles of termites and other factors in savanna decomposition using appropriate multiple mesh size litter bag exclusion experiments. Shading experiments will also be useful to elucidate the relative importance of photodegradation in these systems and interactions between processes (for example, infrequent fire in mesic savannas increases woody cover which reduces light penetration to ground layer). Such research will improve our understanding of the mechanistic processes influencing decomposition under different fire regimes, and enable more accurate predictions for future ecosystem changes.
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